The 3-MHz-resolution infrared spectra of the 10-mm bands of the gauche conformer of 1,2-difluoroethane (HFC152) and the C 1 -symmetry conformer of 1,1,2-trifluoroethane (HFC143) have been measured using a molecular-beam electric-resonance optothermal spectrometer with a tunable microwave-sideband CO 2 laser source. For 1,2-difluoroethane, two bands have been studied, the n 17 B-symmetry C-F stretch at 1077.3 cm 01 and the n 13 B-symmetry CH 2 rock at 896.6 cm
I. INTRODUCTION
The investigation of the vibrational dynamics of substituted ethanes has attracted much recent attention. This interest is due, in part, to the effort to understand the mechanism for the isomerization reactions that occur in many of these compounds when they are trapped in rare-gas matrices and excited by mid-infrared radiation (1) . The molecule 1,2-difluoroethane, for example, when isolated in krypton or xenon matrices is found to isomerize from the higher energy trans conformer to the gauche conformer upon excitation of one of the fundamental C-F stretching vibrations (2) . The mechanism for this isomerization and the relative importance of intermolecular and intramolecular interactions in driving these types of reactions are not well understood.
An understanding of the photochemistry of these simple isomerization processes requires knowledge of the coupling of the large-amplitude internal-rotation coordinate to the small-amplitude normal-mode vibrations. High-resolution infrared spectroscopy can be used to study these couplings through their perturbation signatures in the vibrational spectrum. Alternatively, direct information about the couplings can be obtained by measuring the tunneling splittings of excited normal-mode states to determine the vibrational dependence of the torsional potential. It has recently been pointed out (3) , however, that these tunneling splittings are typically perturbed by nearby torsional overtone and combination vibrations. The tunneling splittings must be corrected for these mixings before any information about the normal-mode dependence of the torsional potential can be obtained.
Recent experiments by Philips and co-workers (4-7) and others (8) (9) (10) have shown the utility of using high-resolution infrared spectroscopy to study vibrational couplings in substituted ethanes. Mork et al. (6) , for instance, have used sub-Doppler molecularbeam spectroscopy to study the C-H stretch of 1,2-difluoroethane near 2986 cm
01
. The spectrum exhibits a splitting of the rigid-rotor transitions due to a lifting of the degeneracy in the vibrationally excited state of the spatially symmetric and antisymmetric tunneling states associated with tunneling between the two isoenergetic gauche configurations. The splitting originates from the coupling of the C-H stretching vibration to a tunneling-split background torsional combination vibration. The tunneling splittings thus gives clear evidence of coupling of the C-H stretching coordinate to the torsion. Similar couplings may play a role in the isomerization of 1,2-difluoroethane in rare-gas matrices.
In the present study we use high-resolution (Ç3 MHz full-width-at-half-maximum linewidth) molecular-beam infrared spectroscopy to study vibrational couplings in the 10 mm infrared spectra of 1,2-difluoroethane (HFC152) and 1,1,2-trifluoroethane (HFC143). At room temperature both molecules exist as two conformers, denoted trans and gauche for 1,2-difluoroethane and C s and C 1 for 1,1,2-trifluoroethane. The conformers differ by the rotation angle about the C-C bond. Potential energy surfaces characterizing the energetics for rotation about the C-C bond for these molecules are pictured in Fig. 1 (11) and Fig. 2 (12) . The energy separation between conformers is estimated as 280(30) cm 01 (11) for 1,2-difluoroethane and 520(40) cm 01 (12) for 1,1,2-trifluoroethane. In the cold molecular-beam expansion (T rot Ç 10 K) only the gauche and C 1 conformers are significantly populated. The barriers to isomerization are estimated to be approximately 1021 cm 01 (11) and 1500 cm 01 (12) for 1,2-difluoroethane and 1,1,2-trifluoroethane, respectively. Since both the gauche and C 1 conformers have two isoenergetic forms, tunneling is possible between the two configurations. For the vibrational ground states, the calculated tunneling rates are õ10 kHz and are too small compared to the infrared resolution to contribute to any splitting in the infrared spectrum.
Two infrared bands for the lowest energy conformers of each of the molecules have been studied. For 1,2-difluoroethane the spectra are well characterized by an asymmetric-rotor Hamiltonian. The large difference between the centrifugal distortion constants for the ground and excited states for one of the bands indicates the presence of a weak perturbation with a nonresonant background state. Likewise, for 1,1,2-trifluoroethane one of the two bands is perturbed. For the perturbed band of 1,1,2-trifluoroethane, each rigid-rotor line is split into a doublet due to tunneling between the most likely perturbing state is n 17 / 6n 18 , where n 17 is the CF 2 twist and n 18 is the torsion. The matrix element coupling the two states is of very high order, exchanging eight quanta of vibrational excitation.
II. EXPERIMENTAL
The microwave-sideband CO 2 -laser molecular-beam electric-resonance optothermal spectrometer used in the present investigation has been described previously (13) (14) (15) . Briefly, a molecular beam of 1,2-difluoroethane or 1,1,2-trifluoroethane is formed by an adiabatic expansion of several volume percent of the gas in He through a 60-mm pinhole nozzle at a backing pressure of Ç100 kPa. (Care should be taken when handling 1,2-difluoroethane since it is considered extremely toxic (16) .) After the expansion, the molecular beam is collimated by a 1-mm-diameter skimmer. The polar molecules in the beam are focused by a 56-cm-long electrostatic field of quadrupolar symmetry onto a 1.7 K liquid-He-cooled bolometer detector (17) . Between the nozzle and skimmer the molecular beam is multiply crossed by the output beam from the laser system. For double-resonance studies, microwave radiation ú14.1 GHz is coupled into the resonance region by a cut-off section of K-band waveguide. An antenna is also available for simultaneously coupling in radiofrequency radiation below Ç5 GHz (18) .
The laser system consists of a Lamb-dip stabilized CO 2 laser and a thin-slab GaAs waveguide modulator (19) . Approximately 8 W of CO 2 radiation and 20 W of microwave radiation from a 7-18 GHz synthesizer-driven traveling-wave-tube amplifier are combined in the modulator to produce 1-2 mW of tunable infrared radiation at frequencies n CO 2 { n mw , where n CO 2 and n mw are the frequencies of the CO 2 0 laser (20, 21) and microwave sources, respectively.
To obtain accurate absolute frequencies, the measured frequencies are corrected for the Ç10-MHz residual Doppler shift arising from the nonorthogonal crossing of the laser and molecular beams. The magnitude of the correction is determined by comparing the measured frequency of the R(0) line of the 10-mm band of NH 3 with the accurate Lamb-dip measurements of Magerl et al. (22) . With this correction, the absolute accuracy of the frequency measurements is estimated to be better than 2 MHz. The relative measurement precision of Ç0. 25 MHz is nearly a factor of 10 smaller.
Typically, assignment of a spectrum is initiated by microwave-infrared double resonance. The laser is fixed on a strong infrared transition and then the microwave/ radiofrequency source is stepped through a list of known microwave/radiofrequency transitions of the molecule. The observation of two different double-resonance signals establishes the ground state assignment of a transition. In some cases microwaveinfrared double resonance is also used to probe excited state energy levels not directly accessible by one photon excitation from the ground state due to lack of sideband coverage in the necessary frequency regions.
III. RESULTS AND DISCUSSION

A. 1,2-Difluoroethane
Infrared spectra for the n 17 B-symmetry C-F stretch fundamental at 1077.3 cm Tables I and II and a sample spectrum for the 1077 cm 01 n 17 band is shown in Fig. 3 . The spectra are fit to the A-reduced Watson (23) asymmetrical-top Hamiltonian in the I r representation to near the measurement precision of 0.25 MHz. The high precision of the infrared measurements and high J states sampled in the infrared spectra required refinement of the previous ground state microwave constants (24, 25) , which was provided using the pulsed-nozzle Fourier-transform microwave spectrometer at NIST (26) . In the infrared analysis, the ground state constants are held fixed at the new microwave-determined values. Consistent with the prior microwave experiments (24, 25) , at the better than 10 kHz resolution of the microwave spectrometer no evidence was seen for splittings due to the tunneling between the two gauche conformers. The measured microwave transition frequencies are given in Table III and the spectroscopic constants determined from fitting the microwave transitions are given in Table IV . The spectroscopic constants and the standard deviations of the fits from the infrared analysis are also given in Table IV .
The good agreement between the ground and excited-state centrifugal distortion constants for the 897 cm 01 , n 13 band indicates that the n 13 vibration is effectively unperturbed. In contrast, the K a -dependent distortion constants (D K , D JK , and d K ) for the 1077 cm 01 n 17 band show evidence for a weak perturbation. For example, the effective D K distortion constant for n 17 is nearly an order of magnitude smaller than the ground-state value. To identify the interacting state with n 17 we must consider two types of possible perturbing states, an A-symmetry perturber which can interact via Coriolis interactions or a B-symmetry perturber which can interact both through Coriolis and anharmonic interactions.
The low-resolution studies suggest that one possible candidate for the perturbing state is the nearby A-symmetry n 4 C-F stretch predicted at 1079 cm 01 (11), which can couple via a and c-type Coriolis interactions to n 17 . Surprisingly, no evidence was seen for this band in our study, suggesting either that its infrared intensity is extremely weak, or that this band attributed to the gauche conformer actually arises from the trans conformer. Another previous low-resolution vibrational assignment (27) gives the B-symmetry C-F stretch at 1045 cm 01 and the A-symmetry C-F stretch at 1067 cm 01 (our 1077 cm 01 feature), however, our present observations, which definitively establishes the 1077 cm 01 vibration to be of B symmetry, are inconsistent with this older assignment.
If we consider the possibility that the perturbing state is anharmonically coupled and thus of B symmetry, we can use the observation that the D K distortion constant is reduced by Ç140 kHz from the unperturbed value to determine whether the perturbing state is higher or lower than n 17 in energy. For an anharmonic matrix element W 12 , and perturbing state origin separated by energy DE from the n 17 origin, the magnitude of the energy shift of the n 17 energy-level positions is given by W 2 12 /ÉDEÉ. The energy denominator has a J and K a dependence since the rotational constants for the two interacting states are not identical. Using symmetrictop expressions for the J and K a dependence of DE and expanding W 2 12 /DE in a power series in J(J / 1) and K 2 a we find that the sign of the contribution of the perturbing state to the K 4 a term in this expansion is only dependent on whether the perturbing state is above or below n 17 . The fact that the correction to the observed D K must be positive to bring it into agreement with the ground state value implies that the perturbing state is below n 17 . The most likely candidate for a nearby anharmonically coupled state is 2n 6 / 3n 10 , which is estimated to lie near 1076 cm 01 . Here n 6 is the CCF bend with a harmonic frequency of 327 cm 01 (11) and ration and rotational constant differences between the two interacting states, neither of which are available from the present data.
B. 1,1,2-Trifluoroethane
As with 1,2-difluoroethane, two bands of C 1 1,1,2-trifluoroethane were also studied, the n 11 CF 2 -stretch fundamental at 1077.2 cm 01 and the n 13 C-C stretch fundamental at 905.1 cm
01
, where the vibrational assignments come from the investigation of Kalasinsky et al. (12) . The observed transitions for the two bands are listed in Tables V and VI. The previously reported microwave spectrum of 1,1,2-trifluoroethane (29, 30) was reinvestigated using a pulsed-nozzle Fourier-transform microwave spectrometer. No evidence was seen for any tunneling splittings between the two degenerate C 1 configurations at the better than 10-kHz resolution of the spectrometer. The new microwave measurements are listed in Table VII , and the constants resulting from a fit of these transitions to the A-reduced Watson asymmetric-rotor Hamiltonian in the I r representation are presented in Table VIII . For the n 11 band, the observed transitions are fit to the Watson Hamiltonian to near the experimental precision of 0.25 MHz. The spectroscopic constants obtained from this fit are given in Table VIII . The values for the centrifugal distortion constants are In contrast to the previous bands presented, the n 13 band is extensively perturbed. The majority of the transitions listed in Table VI are split into nearly equal intensity doublets as shown in the sample spectrum of Fig. 4 . Since the ground-state energy levels have effectively no tunneling splittings, the observed splittings arise from the perturbation causing a lifting of the degeneracy of the symmetric and antisymmetric tunneling states associated with the two isoenergetic C 1 configurations. In Fig. 5 , we show the magnitude of these tunneling splittings for the K a Å 0 and the two K a Å 1 states as a function of J. As can be seen in the figure, the tunneling splittings vary with both J and K a . Examination of the J progressions suggests that the tunneling splittings may change sign near J Å 4 for K a Å 0, K c Å J and K a Å 1, K c Å J, and near J Å 7 for K a Å 1, K c Å J 0 1. These apparent sign changes in the tunneling splittings suggest that the rotational levels for the n 13 vibration and the background vibrational state are intermingled, with second-order perturbation-theory energy denominators being both negative and positive for the two-state interactions.
Efforts to reproduce the J-dependent splitting patterns by considering a J progression of a tunneling-split perturbing state interacting with a J progression of the n 13 vibration via a J-independent matrix element were not successful. The observed tunneling splittings do not exhibit the double-''avoided crossing'' pattern expected for this type of interaction. This suggests that the interaction between J progression of the two coupled states is more complex, perhaps involving both anharmonic and Coriolis- type couplings so that several J progressions can be coupled simultaneously. Further complicating the problem is the fact that the tunneling-split symmetric and antisymmetric states of n 13 also interact with each other through an axis-rotation term, which has DK a Å {1 matrix elements and arises due to the dependence of the inertial tensor on the torsional coordinate.
No evidence has been obtained for direct transitions to the perturbing state. We note, though, that a large number of transitions remain unassigned. Most likely these transitions belong to higher J and K a states which are poorly predicted by our lower J spectroscopic constants. To confidently assign these transitions requires doubleresonance or combination-differences both of which are less extensive for the higher J transitions. The absence of assigned transitions to the perturbing state prevents us from quantitatively analyzing the perturbation to determine the rotational constants and the vibrational origin of the perturbing state, as well as the coupling matrix element characterizing the perturbation interaction. We note, however, that the observation of a splitting of the J Å 0 upper state requires that the two interacting states be anharmonically coupled.
Some insight into the identity of the perturbing state can be obtained by examination of the normal-mode frequencies (12) and torsional potential (12) of 1,1,2-trifluoroethane. We consider two possible types of perturbing states which could lead to the observed splittings, an excited vibrational state of the C s conformer or a tunnelingsplit torsional combination vibration of the C 1 conformer. The large C 1 -to-C s tunneling barrier of Ç1500 cm 01 makes it unlikely that there is significant coupling between the two different conformers at only 905 cm 01 of excitation. This conclusion is supported by model calculations using the torsional Hamiltonian,
where F Å 1.296 cm 01 (12) is the rotational constant for internal rotation, a is the internal rotation angle, p is its conjugate momentum, and the nonzero V n are V 1 Å (12) . Matrix elements of sin na and cos na (n Å 1, 2, 3) were evaluated in the energy representation of Eq. (1) to estimate the magnitude of possible coupling matrix elements between the two conformers. The functions sin na and cos na were chosen since the a dependence of any potentialenergy operator which couples the two conformers can be expanded in a Fourier series in a. The calculations verify that the magnitude of any coupling matrix elements between n 13 of the C 1 conformer and likely perturber torsional overtone or combination For a perturbing state (dark state) originating from the C 1 conformer, the tunneling splitting of the dark state must be larger than the observed splitting of n 13 (bright state), since the n 13 splitting results from inequivalent coupling of the two tunneling components of the bright state to the dark state. This statement is true if the coupling matrix elements for the symmetric and antisymmetric tunneling states are similar. To identify possible C 1 perturbing states, torsional-state calculations from Eq. (1) were combined with the harmonic frequencies of Kalasinsky et al. (12) to estimate the positions and tunneling splittings of likely perturbing states. The energy-level positions and tunneling splittings are summarized in Table IX . For £ 18 £ 6 exact tunneling-free energy-level predictions are possible by direct summing of the observed frequencies of the D£ 18 Å 1 torsional hot-band series of Kalasinsky et al. (12) . These predictions are listed in parenthesis beside the calculated values in the table. The observed n 13 splittings of up to 37 MHz require the perturbing state to have a tunneling splitting greater than 37 MHz. For £ 18 £ 5 in the torsion, the tunneling splittings are calculated 
to be õ15 MHz, while for £ 18 § 6 the torsional splittings are calculated to be §270 MHz. These results indicate that the perturbing state must have six or more quanta in the torsional vibration.
The requirement that the perturbing state must have a minimum of six quanta of excitation in the torsional mode allows, at most, only Ç260 cm 01 of energy to be in modes other than the torsion. Only one nontorsional normal mode of C 1 1,1,2-trifluoroethane has a frequency less than Ç260 cm 01 , the n 17 CF 2 twist at 247 cm 01 . The next lowest frequency normal mode is the n 16 C-F bend at 426 cm 01 . These considerations narrow the possible perturbing states down to either n 17 / 6n 18 , or from examination of Table IX, a pure torsionally excited state, possibly either 9n 18 or 10n 18 . For a 9n 18 or 10n 18 perturber, the large tunneling splittings of these torsional vibrations, of 10 and 30 cm 01 , respectively, guarantees that only one tunneling component can be involved in the observed perturbation. Table IX shows that the predicted possible 9n 18 and 10n 18 perturbers lie near 881, 891, 939, and 969 cm 01 . The accuracy of the predictions of these level positions is estimated to be Ç1% as based on experimental data up to and including 6n 18 , making it unlikely that the predicted frequencies for 9n 18 and 10n 18 are significantly in error. For this reason we rule out the 881, 939, and 969 cm 01 torsional-tunneling states as reasonable candidates for the perturber, since their predicted positions are 24 cm 01 or more from n 13 . From these considerations alone, the 891 cm 01 state cannot be ruled out with confidence, since an error of Ç14 cm 01 on its predicted energy-level position is not unreasonable.
Estimates of the magnitudes of the possible coupling matrix elements between 9n 18 and n 13 allows us to further rule out 9n 18 as a candidate for the perturbing state. From symmetry considerations, we can approximate the torsional and n 13 normal-mode dependence of the matrix element between 9n 18 and n 13 as a Fourier -FIG. 4 . Section of the CO 2 -laser sideband spectrum of the n 13 C-C stretch normal mode of C 1 -symmetry 1,1,2-trifluoroethane. The CO 2 laser is fixed at 905.950279 cm 01 and the microwave synthesizer is scanned from 11 to 12 GHz in 0.5 MHz steps with a time constant of 125 msec. The spectrum was scanned in Ç5.5 min. The ''0'' and ''/'' labels denote the sign of the frequency offset for the transition. The splitting of the lines results from a vibrational interaction of n 13 with a nearby combination or overtone vibrational state of the C 1 conformer which has a large tunneling splitting, lifting the degeneracy of the symmetric and antisymmetric tunneling states for the n 13 vibration.
power series in Q m 13 cos na. If we assume that the n Å N term in the Fourier series dominates and that the vibrational wave function can be written as a product of normal mode functions and the torsional function, then the coupling matrix element will be proportional to »9n 18 Écos NaÉ0n 18 …. Values of cubic anharmonic matrix elements, which depend on »2n 18 Écos NaÉ0n 18 …, are typically õ20 cm 01 . For the model Hamiltonian of Eq. (1) we estimate that for a dominant m Å 1 term that a cubic anharmonic matrix element of 20 cm 01 implies a matrix element between 9n 18 and n 13 of less than Ç14 MHz. For a dominant m Å 3 term, which is the largest term in the cosine potential of Kalasinsky et al. (12) , we estimate matrix elements between 9n 18 and n 13 of less than Ç64 MHz.
These above estimated matrix elements are too small for the 9n 18 state to be the primary source of the perturbations of n 13 . For a matrix element of Ç64 MHz we would have seen clear evidence for transitions to the perturbing state. For example, for the largest observed rotational perturbation (the 11 0,11 excited state), where the tunneling splittings is 37 MHz, transitions to the perturbing state should be nearly as strong as the transitions to the bright state. However, no such transitions to the dark state were observed. Moreover, it is doubtful that a single tunneling component of a perturbing vibration with such a small anharmonic matrix element could be the origin of the complicated perturbation patterns seen in the tunneling splitting plot of Fig. 5 .
There is strong evidence to suggest that the perturbing state is n 17 / 6n 18 . Using the observed torsional frequencies obtained from Table IX we predict that this state should lie near 889 cm 01 , which is 16 cm 01 too low to be resonant with n 13 . We note, however, that in the low resolution study of Kalasinsky et al. (12) they identified a torsional hot-band series beginning at 121 cm 01 , built upon another low-frequency vibrational mode. Since n 17 Å 247 cm 01 is the lowest nontorsional mode in 1,1,2-trifluoroethane and the next lowest mode is n 16 Å 426 cm 01 , they identified this other hot-band torsional series as n 17 / (q / 1)n 18 R n 17 / qn 18 . Further support for their assignment, which gives a positive cross anharmonicity between n 17 and n 18 , comes from their observation of torsional hot bands assigned to n 17 / qn 18 R qn 18 , on the high-frequency side of n 17 . Their assignments of the q Å 0 and 1 components of this series at 121 and 115 cm 01 , respectively, gives us an estimate of the variation of the torsional frequency with n 17 excitation. To estimate more accurately the position of n 17 / 6n 18 we fit the experimental term values in Table IX with n 13 at 905 cm 01 . The matrix element coupling n 13 and n 17 / 6n 18 is of very high order, exchanging eight quanta of vibrational excitation.
CONCLUSION
In the present investigation, we find that the n 13 normal mode of C 1 1,1,2-trifluoroethane is coupled to a highly excited torsional combination vibration, n 17 / 6n 18 . The coupling is driven by anharmonic terms in the potential, as verified by our observation of a perturbation of the J Å 0 state of n 13 . The present study furnishes information on a highly excited state, n 17 / 6n 18 , containing seven quanta of vibrational excitation. Previous studies by us and others have shown the utility of using such accidental perturbations to obtain information on vibrational states with a large number of quanta of excitation. Such vibrations are inaccessible by direct infrared excitation from the ground state. For instance, in 3,3,3-trifluoropropene a perturbation is seen in a fundamental band from a background vibration containing six vibrational quanta, five of which reside in the torsion. Because of the very low frequency of the torsional vibrations, vibrations containing torsional excitation are the main contributors to the background perturbing states.
The coupling between n 13 and n 17 / 6n 18 furnishes a mechanism for interconversion FIG. 6 . Summary picture showing the nonadiabatic coupling between the normal mode vibration, n 13 , and the combination vibration, n 17 / 6n 18 . of the two isoenergetic C 1 forms upon excitation of n 13 . As illustrated in Fig. 6 , the interconversion is driven by weak nonadiabatic couplings between the adiabatic (Born-Oppenheimer-like) torsional potentials for n 13 and n 17 . Similar couplings have been seen at higher excitation energies in C-H stretch excited gauche-1,2-difluoroethane. For both gauche-1,2-difluoroethane and C 1 1,1,2-trifluoroethane, sampling of the trans or C s configuration is energetically allowed at 1000 cm 01 of excitation energy; however, the high isomerization barriers, particularly for 1,1,2-trifluoroethane, and the heavy masses of the fluorine nuclei make such couplings extremely small. In the case of trans-1,2-difluoroethane and C s -symmetry 1,1,2-trifluoroethane, a single 10-mm excitation is sufficient to excite the molecule over the isomerization barrier. It has been shown, for instance, that 10-mm CO 2 laser excitation of trans-1,2-difluoroethane in rare-gas matrices leads to conversion to the gauche conformer (31) . On the time scale of the matrix experiments small couplings similar to those seen in the present investigation, but at energies near the top of the conformation interchange barrier where spatial sampling of the inequalivent minima by the torsional wave functions is feasible, may be sufficient to drive the conformation process. Possible future efforts at studying the high resolution 10-mm spectrum of trans-1,2-difluoroethane may furnish insight into the role that intramolecular couplings play in the conformational photochemistry of 1,2-difluoroethane.
